absorption spectrum of unbleached retinal extracts would describe visual purple. However, such extracts show variable absorption spectra, particularly in the blue-violet, depending on the treatment t h e y have undergone, and even when special purifications are employed t h e y differ distinctly from the classical difference curve. Since FIG. 1. Computed classical visual purple absorption spectra of extractions made with 4 per cent purified bile salts, 2 per cent digitalin, and water; all after pretreatment of the retinas with alum. The solid line is the average of the five sets of values, and is a nearly symmetrical curve with its maximum at 500 m~. The dotted lines indicate roughly the variation of the data. KSttgen and Abelsdorff's classical frog visual purple absorption spectrum, an average of five sets of measurements, is shown by the large squares. It has a negative value at 420 m/~. All data have been adjusted to a density of 1.0 at 500 m/~. the differences are mainly in the blue-violet, we have adopted the ratio of the density at 500 m/~ to the density at 420 m# as a criterion of purity of the visual purple color. The absorption and reflection of our measuring cells filled with water are practically constant and equal a density of 0.03 throughout the visible spectrum; this is subtracted from all measured densities before the ratio is calculated. Fig. 1 shows difference curves for solutions prepared in a variety of ways presently to be described; their densities at 500 m g were made equal to 1.0. The solid line in Fig. 1 is the average of the five sets of data within the envelope. It is very similar to K6ttgen and Abelsdorff's classical absorption spectrum, also shown in the figure. Its 500/420 ratio is 8.0. In no case has this ratio for unbleached visual purple solutions been greater t h a n 2.8; seldom as high, and usually considerably less.
In the effort to make the absorption of the unbleached solution resemble the classical absorption spectrum, we have subjected the retinas and the retinal extracts to various treatments designed to eliminate absorption by substances other t h a n visual purple. The extreme lability of visual purple prohibits the methods of chemical purification usually employed in such a situation and has limited us to the use of a few physical and chemical processes. Since at present the only criterion of visual purple purity is its color, all analyses have been made with the sensitive photoelectric spectrophotometer designed by Shlaer (1938) .
I I
Methods of Preparation (.4) Procedure.--The method commonly employed for extracting visual purple from the frog's retina is essentially that used by Kiihne (1879) . A number of frogs (Rana pipiens, freshly received from Alburg, Vermont, in our case) are dark adapted overnight at room temperature. The heads are then cut off and rinsed in water or physiological salt solution, and the eyes removed. These are cut through just back of the iris with a razor blade, the lens discarded, and the retina lifted out from the bulbus and put in salt solution or distilled water. After all of the retinas have been collected in this way, they are centrifuged and the supernatant liquid discarded. A quantity of 4 per cent purified bile salts solution, 2 per cent digitalin, 1 or other extractive is then added in the proportion of about 1 cc. for each 25 retinas and the extraction allowed to proceed for the desired time, 10 minutes to 2 hours, with or without stirring, and at any desired temperature. The mixture is then centrifuged at a fairly high speed for ~ hour to 1½ hours, usually at 6°C.in our case, since low temperature retards decomposition during centrifugation. The resulting liquid is carefully pipetted off from the packed retinal debris and pigment and stored at 0-6°C. until it is used, which is usually within 48 hours after preparation.
The solutions we have prepared in this way, as well as those so prepared by most other investigators, are invariably slightly turbid, exhibit a Tyndall cone, and absorb strongly in the blue-violet. Hardening the posterior half of the eye in 4 per cent alum solution before the retina is removed greatly decreases the blue-violet absorption of the resulting unbleached solution and also decreases its turbidity. Experiment has shown that 2 hours is the optimum time for the effect. The alum must be carefully washed out, especiaUy if the pH of the visual purple solution is to be changed. ,~ in rn F FZG. 2. Four simultaneous extractions made under identical conditions. The data, plotted on an arbitrary scale as log density, are shifted at 500 m# so as to be equally separated from each other. The same curve is drawn through the four sets of data. It is apparent that at all wave-lengths the four curves are equidistant from each other, with the exception of two points. This is proof that these four simultaneous extractions contain the same relative amounts of all constituents and that differences experimentally produced in such simultaneous extractions are significant.
(13) Normal Variation.--Before any critical experiments could be undertaken to test the effect of different treatments on the visual purple absorption spectrum, it was necessary to evaluate the normal range of variation in identical extractions.
Four simultaneous extractions were made under identical conditions from the retinas of equal numbers of frogs dark adapted at the same time. Alum was used to harden the retinas and 2 per cent digitalin to extract them, and the solutions were afterwards buffered at pH 7.75. The density values of the four extractions at 500 m/z varied in a random way by about 20 per cent. After subtraction of the density of the cell filled with water, log density of the four unbleached solutions was plotted against wave-length. 2 In Fig. 2 these values are shown, after shifting the curves vertically to separate the points at 500 m~ from each other by the same equal distance. With the exception of two points, this results in an equal separation of all the points at all wave-lengths, which shows that the four extractions contain the same relative proportions of all constituents, although their absolute densities are different.
In view of this identity, any differences that appear as the result of treatment during an extraction can be considered significant.
III

Effects of Various Treatments
(,4) Alum.-- Fig. 3 shows the absorption spectra of unbleached solutions prepared with and without alum pre-treatment. The densities have been made equal to 1.0 at 500 m/z, after allowing for the cells' reflection and absorption. Clearly, the alum treatment increases the transmission of the solution in the blue and violet. It is possible that the apparent extra absorption when alum has not been used is really dispersion and scattering of light, and the following considerations bear this out.
The absorption spectra of the purest unbleached extractions prepared with alum are almost identical with the classical difference curve of Fig. 1 between 600 and 500 m/~. Consequently the subtraction of the difference curve leaves a residual density curve which increases from zero at 500 m# to an appreciable value at 420 m/~. This curve is not describable throughout the spectrum by the Rayleigh equation for scattering of light, 3 and consequently represents real light absorption rather than dispersion.
In the case of an extraction made without alum, on the other hand, subtraction of the classical difference curve leaves a residual density without the use of alum. The solid line is drawn through the data from the nonalum-treated bile salts extraction, and the broken line through the data from the alum-treated bile salts extraction. Note that the use of alum in the extraction caused a generally decreased density throughout the spectrum, except in the case of the water extraction. All data have been adjusted to have a density of 1.0 at SO0 m/~.
curve which has a low value at 600 m/z, increases gradually to 500 m/z, and then more rapidly to 420 m/~. When these residual density s I = Ioe -Kx-4*, where x is the thickness of the scattering medium and K is a constant characteristic of the solution (Strutt, J. W., 1871). For convenience the equation can be thrown into its linear form and density can then be plotted against 1/~ *.
values are tested with the Rayleigh equation, the fit is good from 600 to 500 m# but not from 500 to 420 m#. Therefore both the alum and non-alum extractions contain a substance which absorbs light of wave-lengths shorter than 500 my, and the non-alum extractions contain in addition a light-dispersing factor. The unbleached absorption spectrum of a non-alum extraction should then be capable of separation into at least three components; the light-absorption of the photosensitive group (probably represented by the classical visual purple absorption spectrum), the light-absorption caused by a yellow light-stable group or substance, and a light-dispersing factor not present in alum extractions.
The classical visual purple absorption spectrum can be calculated from the measurements of the unbleached and bleached non-alum solution. The absorption spectrum of the light-stable component, however, must be obtained in a less direct way. If this light-stable component is in the visual purple molecule itself, its density should be proportional to that of the light-sensitive group. On this assumption the absorption spectrum of the light-stable group in the non-alum extraction can be found by multiplying its absorption spectrum in the alum extraction (where no complicating dispersion factor is present) by the ratio between the densities of the light-sensitive groups in the two types of extraction.
Having obtained the absorption spectrum of the light-stable yellow component of the non-alum extraction in this way, it can be subtracted, along with that of the photosensitive group, from the absorption spectrum of the unbleached non-alum extraction. When this is done and the resulting density values are plotted against Ilk*, a straight line describes the values throughout the visible spectrum. Therefore, visual purple extractions made without hardening the retinas with alum appear to differ from those in which alum is used merely by dispersion of the incident light; that is, by the presence of substances in the solution which scatter rather than absorb the beam. The fact that the residual density curve calculated for the purest alum extractions is not described by the dispersion equation indicates that in this case a true light absorption takes place, probably representing the photostable part of the visual purple molecule.
(B) Re-extraction.--This conclusion is supported by experiments on repeated extractions. Three successive 10 minute extractions were made on the same batch of retinas, using 2 per cent digitalin solution at 0°C. The absolute density values at 500 m/~ were respectively, 1.045, 0.355, and 0.275, in a 10 millimeter cell, after subtracting the density of the cell and water.
For purposes of comparison, log density values were computed for the three curves and each curve was shifted on the log density axis ",4
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Fio. 4. Three successive extractions with 2 per cent digitalin on the same batch of retinas, alum-treated. The data have been plotted as log density on an arbitrary log scale after having been adjusted to be equal at 500 rag. Note that curve a, that of the first extraction, shows relatively more visual purple color than does curve b, the second extraction, or curve c, the third. so t h a t the points at 500 m/~ are superimposed. Fig. 4 shows t h a t the first extraction contains relatively more visual purple than the two succeeding ones. These results indicate t h a t a great deal of the color, particularly t h a t resulting from absorption of blue and yellow, is caused by extraction of substances other than visual purple, and which are less soluble in 2 per cent digitalin solution.
(C) Extractives.--Simultaneous extractions were made from alumtreated retinas under identical conditions, using aqueous solutions of 2 per cent digitalin, 4 per cent purified bile salts, 4 per cent sodium desoxycholate solution,~ and distilled water, and were buffered to pH 9.2. Fig. 5 shows that the absorption spectra of these four un- Alum was used to harden the retinas. The water extraction contains rehtively less visual purple color than do the others.
bleached solutions are similar except for the water extraction, which gives a relatively high absorption in the blue and yellow. In Fig. 6 the difference spectra of these extractions are plotted and the average of the four sets of data shown by the solid line. Evidently the clas-sical difference spectrum is not affected by the kind of extractive used, athough the absorption of the solution as a whole is modified considerably, especially in the case of the water extraction. Very likely the difference spectrum records the absorption of the light-sensitive component of the molecule more nearly than do the spectra of the unbleached solutions.
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FIG. 6. Classical visual purple absorption spectra calculated from the curves shown in Fig. 5 and from the curves of the bleached solutions (not shown). All values are adjusted so as to have a density of 1.0 at 500 m#. The solid line is the average of the four curves. Note that the classical difference curve is not affected by the kind of extractive.
Sodium desoxycholate extractions are unique in that no regeneration of visual purple occurs after bleaching. Addition of 4 per cent of sodium desoxycholate to a bile salts or digitalin extraction of visual purple buffered at pH 7.76 also prevents regeneration (Hecht, Chase, Sh.laer, and Haig, 1936) .
Hosoya used several different extractives: digitonin, sodium glycocholate, sodium oleate, saponin, panaxtoxin, and sodium salicylate, but without alum pre-treatment (Hosoya, 1933; Hosoya and Bayed, 1933) . As is to be expected, the solutions all show a high density in the blue, with a low 500/420 ratio which is frequently less than 1. The extracfives vary among themselves in effectiveness, sodium salicylate being the worst.
Our water extracts are apparently much like those produced by the other extractives and agree with Dartnall and Goodeve's findings (1937). Kiihne (1879) could not make any water extracts, and suggested that such apparent extracts are fine suspensions of rod fragments. However, microscopic examination after addition of concentrated NaC1 to our extracts has not shown such fragments to be present. The visual purple color rapidly disappears from such extractions even in the dark at 0°C., and it seems likely that the presence of bile salts, digitalin, or some other substance has a protective effect on the visual purple molecule in solution. This is borne out by experiments with different concentrations of extractive.
(D) Digitalin Concentration.--Three simultaneous extractions were
made from one batch of retinas, using 3, 6, and 10 per cent digitalin solution. The log density plots of Fig. 7 show that the digitalin concentration probably does not influence the visual purple purity within the concentration range tested, nor does it affect the density of the extract very much. But it does influence its keeping power.
After measurement, these three solutions were stored in the dark at 0 ° for 7 weeks and then measured again. Fig. 8 shows that the higher the digitalin concentration, the less the decrease in density at 500 m/z during this period, indicating that the digitalin protects the visual purple.
(E) Aging.--The decrease in visual purple concentration, described in the preceding section, occurs much faster at room temperature in both 4 per cent bile salts and 2 per cent digitalin extractions.
Measured at 500 m/z a density decrease always occurs. Its rate is least around pH 7.6. The Q10 for this change is approximately 8, indicating that the phenomenon may be due to heat denaturation of a protein. Kiihne long ago came to the same conclusion (1879) reiterated recently by Mirsky (1936) .
The density of bile salts extractions decreases at all wave-lengths. Digitalin extractions, however, show in alkaline reactions an increase in density in the blue and a decrease in other parts of the spectrum, while in acid reactions they behave like the bile salts extractions.
The 500/420 density ratio of the unbleached visual purple absorption spectrum is never improved by these changes; the fresh solutions always show a more symmetrical curve.
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..3 I ~o .5~o ..¢~o A "-m~ I~G. 7. Simultaneous extractions made with three concentrations of digitalin. Log density is plotted on an arbitrary scale after superimposing the points at 500 m/~. The concentration of digitalin has very little effect on the relative amounts of retinal substances extracted, except perhaps in the case of the 10 per cent digitalin extraction where the purity of visual purple color is slightly less.
(F) Hydrogen Ion Concentration.--Visual purple is a protein; and if other proteins are present, their isoelectric points are probably not the same, and different pH's might affect them differently and thus influence the solutions of visual purple. We first tested the influence of p i t after extraction, and then during extraction.
A solution of visual purple extracted at 30 ° for 10 minutes was divided into five samples, and buffered to pH 5. 50, 5.76, 6.63, 7.78, and 10.08 respectively. The absorption spectra of the unbleached samples are plotted in Fig. 9 as log density with all the points at 500 m# superimposed for comparison. They show that there is a regular, but very slight, increase in symmetry as the pH increases. This may mean that the unbleached visual purple molecule contains some group which behaves as an indicator for [H+] , as its decomposition product
FIG. 8. Effect of concentration of digitalin on keeping power of visual purple solutions at 0°C. Crosses indicate the absorption spectrum of the three solutions freshly prepared. The white circles represent the absorption spectrum after 7 weeks in the dark at 0 ° of the extract made with 10 per cent digitalin; the triangles represent the 6 per cent digitalin extraction, and the black circles the 3 per cent digitalin extraction. Water extractions which contain no digitalin or other extractive usually lose all visual purple color within 48 hours in the dark at 0 °. is known to do (Chase, 1936) , or it may be that there is present a small amount of the decomposition product in the supposedly unbleached solution.
To test the influence of pH on extraction we made simultaneous preparations from equal numbers of dark-adapted retinas with 2 per cent digitalin solutions buffered to p H ' s of 5.7, 6.6, 7.2, and 8.3 respectively.
The absorption spectra are plotted in Fig. 10 as log density, and are superimposed at 500 m/z. T h e y show clearly t h a t the more acid the extraction, the less blue-absorbing substances are removed from the retina.
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FIG. 9. Five samples of a visual purple solution buffered to different pH's after extraction. Curve a is pH 5.50, b is pH 5.76, c is pH 6.63, d is pH 7.78, and e is pH 10.08. Evidently a substance is present which behaves as an indicator of hydrogen ion concentration. It may be a property of the unbleached solution or a trace of decomposition product. The data are plotted as log density on an arbitrary scale after they have been made equal at 500 m#.
(G) Temperature.--A batch of alum-treated retinas was divided into three equal parts and extracted with 4 per cent bile salts for 10 minutes at 20 °, 30 °, and 40°C. respectively. Fig. 11 shows t h a t the relative amount of visual purple present is greatest in the 40 ° extraction and least in the 20 ° extraction.
In a similar experiment some retinas were extracted at 21 ° and some near 0°C. The low temperature extraction contained so much pigment that it required filtering and centrifuging before it could be measured, and even after this treatment most of the light absorption was clearly caused by substances other than visual purple, still probably the pigment. Kfihne found that at low temperatures the pigment adheres strongly to the retina. FzG. 10. Absorption spectra of four simultaneous extracts made at different pH's. The log density values are made equal at 500 m/~ and plotted on an arbitrary log scale. There is a dear effect of hydrogen ion concentration on visual purple purity in the resulting extractions. Relatively more blue-absorbing materiah are extracted at the higher pH's.
(H) Drying.--Extractions of alum-treated retinas with both 4 per cent purified bile salts solution and 2 per cent digitMin were dried by evaporation with a fan, after the absorption spectrum of a sample of each fresh solution had been measured. Another sample of each was left in the undried state. The dried and undried samples were kept at 0 ° in the dark, the former in cans containing CaCl~.
When redissolved after 25 days, the dried bile salts extraction showed considerable loss of visual purple with no gain in purity. Since bile salts are hygroscopic, it is unlikely that the preparation remained dry during the 25 day period, even though CaC12 was present. The control sample showed about the same loss as the dried sample over this period, and a considerable precipitation of grayish material appeared in the storage tube.
After redissolving the dried digitalin extract at the end of 25 days, an insoluble whitish residue remained, though all the colored material dissolved. The absorption spectrum of the redissolved preparation A..-. F FIO. 11 . The effect of temperature on otherwise identical simultaneous extractions. The log density values have been shifted on the arbitrary log scale to superimpose at 500 m~. The purity of the visuM purple color is greatest in the extraction made at the highest temperature.
was more symmetrical than that of the original fresh solution, indicating a purification of the visual purple color.
This experiment showed, incidentally, that the dried and redissolved digitalin visual purple solution kept better at room temperature over 24 hours than did the control sample. Its absorption spectrum remained almost unchanged during a day at room temperature, whereas the control sample increased in absorption in the blue and became turbid.
(I) Other Treatments.--We confirmed Kiihne's precipitation of the colored element from solutions by saturating with MgSO4. The precipitate, after washing with saturated MgSO,, was redissolved in water but no gain resulted in the 500/420 density ratio of the solution.
Solutions made 2 ~ and 4 M with respect to NaC1 also showed no improvement in the 500/420 ratio, though in one case a heavy grayish precipitate occurred.
Ktihne (1879) found that dialysis of a bile salts extraction against water caused precipitation of the light-sensitive component. We have confirmed this both with bile salts and digitalin solutions. The precipitated reddish color has not decreased in density during 6 months in the dark at 5°C. It rapidly disappears upon exposure to white light but is much more stable in the dark than any solution of visual purple. We have not been able to redissolve it in water, bile salts, or digitalin solution.
IV CONCLUSIONS These data suggest that the classical visual purple absorption spectrum, obtained as a difference between the bleached and unbleached condition, is probably not the absorption spectrum of the visual purple molecule as a whole, but more nearly that of its lightsensitive group. If this were not true, it should be possible to obtain solutions whose unbleached absorption spectra are identical with the classical difference one. Though the procedures described have improved greatly on the old absorption spectra, none of them has yielded a visual purple whose absorption spectrum is of sufficient symmetry to resemble the classical one in the violet.
The fact that the human dim visibility curve does not agree in the blue with the absorption spectrum of even our best unbleached visual purple solutions is no argument against the identity of the latter with the absorption spectrum of visual purple in solution, because the human dim visibility data may depend only on the light-sensitive group in the molecule and not on the color of the protein component. However, since work now in progress shows that even our purest visual purple solutions contain proteins of larger and smaller molecular size than visual purple, final settlement of the question awaits meas-urement of the absorption spectrum of unbleached visual purple solutions from which all proteins save visual purple have been removed.
SUMMARY
The absorption spectra of visual purple solutions extracted by various means were measured with a sensitive photoelectric spectrophotometer and compared with the classical visual purple absorption spectrum.
Hardening the retinas in alum before extraction yielded visual purple solutions of much higher light transmission in the blue and violet, probably because of the removM of light-dispersing substances.
Re-extraction indicated that visual purple is more soluble in the extractive than are the other colored retinal components. However, the concentration of the extractive did not affect the color purity of the extraction but did influence the keeping power. This suggests a chemical combination between the extractive and visual purple.
The pH of the extractive affected the color purity of the resulting solution. Over the pH range from 5.5 to 10.0, the visual purple color purity was greatest at the low pH. Temperature during extraction was also effective, the color purity being greater the higher the temperature, up to 40°C.
Drying and subsequent re-dissolving of visual purple solutions extracted with digitalin freed the solution of some protein impurities and increased its keeping power. Dialysis against distilled water seemed to precipitate visual purple from solution irreversibly.
Nolle of the treatments described improved the symmetry of the unbleached visual purple absorption spectrum sufficiently for it to resemble the classical absorption spectrum. Therefore it is very likely that the classical absorption spectrum is that of the lightsensitive group only and that the absorption spectra of our purest unbleached visual purple solutions represent the molecule as a whole.
APPENDIX
After the completion of this paper, that by R. J. Lythgoe on "The absorption spectra of visual purple and indicator yellow," appeared in the Journal of Physiology, June, 1937, number . His visual purple absorption spectra are of the same degree of purity as those recorded here, a further indication that the classical visual purple absorption spectrum represents the light-sensitive group in the molecule only, and that the residual blue absorption is caused by the protein nature of the molecule or by other proteins extracted with it.
Our data (see Fig. 9 ) differ from those shown in Fig. 1 of Lythgoe's paper in that the symmetry of our unbleached visual purple absorption spectrum was greater at high than at low pH. Our figures were the result of two independent and consistent sets of measurements.
In George Wald's recent communication (1937) , he criticizes any use of the classical visual purple absorption spectrum as physically meaningless because of the appearance of new pigments upon illumination of visual purple. We have found, however, that above pH 9.6 these pigments absorb practically no light in the visible spectrum and consequently interfere very little with the computation of the classical visual purple absorption spectrum, which we have assumed represents the photosensitive group in the visual purple molecule. The rather good constancy of the calculated values plotted in Figs. 1 and 6 indicates that the measurements from which they were made could not have been greatly influenced by transient colors appearing after illumination. It is true that at wave-lengths below 410 m# complicating absorptions may occur, but they do not seem to be important over most of the visible spectrum provided the measurements are made at high pH.
